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ROTATING-BTAU AND ROTCR-BLADE-VIBRATION SUKVEY OF A 13-STAGE 

By Eoward F. Calvert, Willis M. Braithwaite , and  Arthur A. Medeiros 

A blade-vibrat ion and r o t a t i n g - s t a l l   s u r v e y  was conducted on a pro- 
duct ion  turbojet   engine  incorporat ing a 13-stage axial-flow  compressor 
with a p r e s s u r e   r a t i o  of approximately 7 and an air flow of 120 pounds 
per  second. Resistance-wire s t r a i n  gages and  constant-current  hot-wire 
anemometers w e r e  used t o  measure the blade v ib ra t ions   and   ro t a t ing  stall.. 

Stal l  pa t t e rns   cons i s t ing  of one t o   f i v e  zones were found  over the 
equivalent  speed range from 5000 t o  6200 r p m  (about 60 t o  75 percent  of 
ra ted   speed) .  

MaxFrmun v ib ra to ry  stresses of ~26,400 and &26,150 ps i  were measured 
i n  the first stage a t  5180 r p m  and i n  the second stage st 5860 rpm, 
respectively. The source of e x c i t a t i o n  a t  these two c r i t i c a l  speeds 
was a th ree-zone   ro ta t ing  stall. 

Several cases of nonuniformly spaced and nonuniform-amplitude stall 
zones were observed. Blade v i b r a t i o n s   r e s u l t i n g  f'rom these stall  pat- 
terns were found t o  be as high as &6,500 psi. In addi t ion ,  some hot-  
w i r e  traces sharing the flow pa t t e rns   du r ing  a campressor  surge  pulse 
ind ica ted  that a single-zone s t a l l  p a t t e r n   w c u r r e d   j u s t   p r i o r   t o   s u r g e .  

INTRODUCTION 

The exci ta t ion  of   axial-f low-compressor   blade  vibrat ion by r o t a t i n g  
s ta l l  bas become a serious  problem  in  production  compressors.   References 
1 and 2 ind ica ted  that, when a compressor stalls, the annular  flciw pat- 
t e r n   c o n s i s t s  of low-flow zones  dis t r ibuted  about  the annulus  and  rota- 
t i n g  at approxhately  one-half   compressor speed. The ex i s t ence  of the 
r o t a t i n g  stall ha0 made it p o s s i b l e   t o   e x p l a i n  the source of e x c i t a t i o n  
of b lade   v ib ra t ion   he re to fo re  referred t o  as aerodynamically  excited.  
Axial-flow-compressor blade v ib ra t ions  excited by r o t a t i n g  s t a l l  are 
repor ted  i n  r e fe rences  1 t o  4. 
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The vibra t ion   survey   repor ted   in   re fe rence  1 was conducted t o   d e t e r -  
mine the cause of the f i r s t - s t a g e  blade fa i lu re s   occu r r ing  i n  a 13bstage 
production  compressor. The survey  indicated that a se r ious   v ib ra t ion  was 
p r e s e n t   i n  the first-stage rotor and that th i s  v ibra t fon  was being  excited 
by r o t a t i n g  stall.  The f i rs t  seven   ro tor  stages of this campressor were 
fabricated f i a m  aluminum a l loy .   S ince  aluminum has a very  low endurance 
l i m i t ,  the blades would be s u s c e p t i b l e   t o   f a t i g u e  fa i lure  i f  moderate 
v i b r a t o r y  stresses w e r e  encountered for a su f f i c i en t   pe r iod   o f  time. 
The aluminum-bladed  compressor m s  therefore rep laced  by a des ign   i n  
which the blades i n  the fbst three s t a g e s  w e r e  fabr ica ted  from a 13- 
percent-chrome steel. U d e  f a i l u r e s  w e r e  aga in   repor ted  in the steel- 
bladed  compressor. These fa i lu re s   occu r red   i n  the blade- root   se r ra t ions .  
Since stress determinat ions in the s e r r a t i o n s  are d i f f i c u l t   t o   o b t a i n ,  
the p resen t   i nves t iga t ion  was undertaken t o  determine  whether   rotat ing 
stall was still an  important   vibrat ion-exci t ing  inf luence.  The v i b r a t o r y  
stress measurements were taken a t  the base of the a i r f o i l   s e c t i o n ,  where 
stresses are lower than  those i n   t h e   s e r r a t i o n s .  A cor re l a t ion  between 
the stresses i n  the two locat ions  and a consequent  determination of the 
r e l a t i o n  between r o t a t i n g  stall and f a i l u r e  i n  the blade s e r r a t i o n s  w e r e  
l e f t  t o  a subsequent   invest igat ion.  

Data were obtained at a f l i gh t  condi t ion that corresponded t o  an 
i n l e t   t o t a l   p r e s s u r e  of 1900 pounds per   square   foo t ,  an i n l e t  a i r  temper- 
a t u r e   o f  650 E ~ 5 0 ,  and  an  exhaust  pressure of 1800 pounds per square .' 

foo t .  The v i b r a t o r y  stresses w e r e  measured by r e s i s t a n c e - W e   s t r s i n  
gages, and the f low  f luc tua t ions  of r o t a t i n g  stall were detected by 
constant-current  hot-wire anemometers. Steady-state  pressures  and tem- 
pera tu res  were measured a t  several s ta t ions   th roughout  the compressor. 
The engine Was equipped with a variable-area exhaust  nozzle t o   v a r y  the 
p r e s s u r e   r a t i o  or  air  flow at  a cons tan t  speed. 

APPARATUS 

Turbojet  engine and   i n s t a l l a t ion .  - The inves t iga t ion  was conducted 
on a tu rboje t   engine   incorpora t ing  a 13-stage  axial-flow  compressor  with 
a pressure  r a t i o  of approximately 7, a rated  englne  speed of 8300 rpm, 
and an air flow of approximately 120 pounds per second. The engine was 
i n s t a l l e d  and  operated  in am NACA L e w i s  a l t i t u d e  test chamber. The 
engine inlet and exhaust pressures w e r e  con t ro l l ed  by the l abora to ry  air 
facilities. The e n g b e  was equipped w i t h  an aajustable   exhaust   nozzle  
t o   p e r m f t   v a r i a t i o n   o f . t h e   p r e s s u r e   r a t i o  or a i r  flow at  a cons tan t  speed. 

Methods of detect ing  and  measuring  vibratory stresses. - Commercial 
r e s i s t ance -wi re   s t r a in   gages r   u sed   t o   de t e s t  and measure  vibratory 
stresses, were cemented t o  eight blades i n  each of the first three 
compressor stages a t  approximately  midchord  position, as c l o s e  as pos- 
sible t o  the blade base. The eight b lades  D e r  stage were ar ranged   in  



NACA RM E54Jl8 - 3 

4 

two groups of four  blades  approxime;tely 180' apart. Lead wires were run 
from the strain gages t o  a 1 9 - r i n g   s l i p - r i n g  assembly mounted on the 
f r o n t  of the engine starter. The s l i p - r i n g  assembly and strain-gage 
c i r c u i t s  were the same as r e p o r t e d   i n   r e f e r e n c e  5. 

A 24-channel recording osc i l l og raph  was used t o  record  the s t r a i n -  
gage and  hot-wire  anemometer  signals. 

Hot-wire  anemometer. - A constant-current   hot-wire  anemometer system 
was u s e d   t o ' d e t e c t   r o t a t i n g  stall. A 0.001-inch-diameter by 0.01-inch- 
l e n g t h  wire, kept a t  a cons tan t   ave rage   tmpera tu re ,  was used   in  each 
anemometer. The flow f l u c t u a t i o n s  were de tec ted  f r o m  the instantaneous 
v a r i a t i o n s   i n  wire temperature. A resistance-CapacitoS-type compensator 
was used t o   o b t a i n  the necessary  speed  of  response.  Anemometer probes 
were ins t a l l ed   i n   r ad iaL-su rvey   dev ices   l oca t ed   i n  the first-, second-, 
and third-stage stator passages. 

The  anemometer s i g n a l s  were f i l t e r ed  t o   e l i m i n a t e   f r e q u e n c i e s  
greater than 750 cps. The signal was viewed on a four-beam  cathode-ray 
osci l loscope  and  recorded  with the 24-channel  recording  oscil lograph. 
The method  used t o  determine the number of s t a l l  zones was the same as 
that used   in   re fe rences  1 and  2. The number of zones per s ta l l  p a t t e r n  
and the associated  hot-wire   f requencies  were determined by the angle 
method of r e fe rence  2.  Thereafter the hot-wlre  frequency was used t o  
determine the stall pa t t e rn   p re sen t .  

Pressure  and  temperature  instrumentation. - The  engine  performance 
instrumentat ion Is shown i n   f i g u r e  1. Radial   temperature  and pres su re  
rakes were i n s t a l l e d  ahead of the compressor-inlet  guide vanes ,   in te r -  
s tage   pos i t ions ,   compressor   ou t le t ,   and   in  the exhaust t a i l  pipe.  The 
a i r - f l o w   c h a r a c t e r i s t i c 6  were ca lcu la t ed  frm t he   p re s su re   and  tempera- 
ture measurements at s t a t i o n  1. A l l  probes w e r e  spaced at area c e n t e r s  
of   equal   annular  areas. 

The engine was operated  over a range  of speed f r o m  a p p r o x b a t e l y  
5000 t o  8300 r p m  with the exhaust nozzle  in the open p o s i t i o n .  The area 
of the nozz le   i n  the open p o s i t i o n  was approximstely that r e q u i r e d   f o r  
rated condi t ions  at rated speed. A t  speeds up t o  approximately 6200 
rpm, the engine   opera t ing   po in t  was var ied  by the use  of the a d j u s t a b l e  
nozzle.  The minimum nozzle  area used was limited by one of the follow- 
ing: (1) maxFmum allowable tai l -pipe  temperature   ( I l66 '  F), and (2) the 
minimum area of the   nozz le .  A t  each condi t ion,  data w e r e  o b t a i n e d   t o  
determine the over-all  compressor  performance, stage per formmce,   ro ta -  
t i n g  s ta l l ,  and   ro tor -b lade-v ibra t ion   charac te r i s t ics .  
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The compresso r - in l e t   t o t a l   p re s su re  was maintained a t  about 1900 
pounds per   square   foo t .  The i n l e t  air temperature was 65O F &5O. A 
static pressure  of 1800 pounds per s q u m e   f o o t  was maintained a t  t h e  
exhaus t  by the laboratory  exhaustrsystem facilities. 

. 
." 

b- 

RESULTS AND DISCUSSION 

The data   obtained in t h i s  inves t iga t ion  are discussed i n  t h e i r  
r e l a t i o n   t o  the effect of r o t a t i n g  s t a l l  on canpressor  performance  and 5- 
rotor-blade v ib ra t ion .   Pecu l i a r i t i e s   no ted  far some of the r o t a t i n g -  
stall p a t t e r n s  are shown. 

w-5 

R o t a t i n g - s t a l l   c h a r a c t e r i s t i c s .  - The performance of the 13-stage 
ccanpressor used i n  this  inves t iga t ion  is presented in figure 2 as a p l o t  
of t o t a b p r e s s u r e   r a t i o  and adiaba t ic   t empera ture- r i se   e f f ic iency   aga ins t  
equivalent  air flow. In orde r   t o   de t e rmine  if r o t a t i n g  stall had  any 
e f f e c t  on compressor  performance, over-all compressor  and  stage  data 
were obtained i n  the speed  range where r o t a t i n g  stall was encountered. 
The da ta   po in t s  d o n g  the lower s o l i d   l i n e   o f . t h e  compressor map i n  
f i g u r e  2 were taken with the exhaust  nozzle set t o  give  approximately 
r a t ed   t a i l -p ipe   t empera tu re  a t  rated  equivalent   speed (8300 rpm) . The 
da ta   po in ts   a long  the upper l i n e  were taken with the e x h a u s t  nozzle set 
for minimum svaiL.able_.area,   l imij .- in_@..t&l.--$~e  teqerature,   or  complete 
compressor stall or surge encountered with a r e s u l t a n t  high tu rb ine  tem- 
pera ture .  Ccmplete compressor s tan.  is defined a discontinuous drop 
in circumferentia,lly  averaged  compressor-discharge  pressure  and a high 
exhaust-gas temperature. A surge cyc le  is defined as complete  compressor 
stall followed  by a r e v e r s a l  of the air flow and a subsequent  recovery 
of the campressor-discharge  pressure. A more complete  description of 
the phenomenon is conta ined   in   re fe rence  6. In a d d i t i o n   t o t h e   d a t a  
taken with the   exhaust-nozzle   posi t ions for t he  rated and l i m i t i n g  oper- 
a t ing   l i nes ,   va r ious   i n t e rmed ih te  settings were used to   de t e rmine   t he  
number of d i f f e r e n t   r o t a t i n g - s t a l l   p a t t e r n s   o b t a i n a b l e  and t o  determine 
the opera t ing   po in ts  where high v ib ra to ry  stresses were encountered  in 
t h e  f i r s t  three rotor-blade rows. Constant-speed  curves have been i n -  
t e rpo la t ed  fYom the da ta   po in t s  shown. 

-1 

.. . 

.1 

" - 

- " 

. . .  

It can be seen *om figure 2 that r o t a t i n g - s t a l l   p a t t e r n s   c o n s i s t i n g  
of one, three, four, or f i v e  stall zones  could be obtained from about 60 
t o  75 percent of .rated  speed (5000 t o  6200 equivalent  rpm). No r o t a t i n g  
stall was encountered a t  equivalent  speeds above  approximately 6200 rpii 
over the f l o w  range  invest igated.  No attempt has been made t o  d r a w  dis-  
t i n c t   r e g f o n s  on figure 2 where a p a r t i c u l a r  stall pattern may be en- 
countered; it was f e l t  that i n s u f f i c i e n t   d a t a  were t aken   t o   war ran t  a 
val id  l i n e  of demarcation ( if  such e x i s t s )  Pram one stall  p a t t e r n   t o  
m o t h e r .  However, i n  general ,  three s ta l l  zones  were  found a t  the   h igher  
values  of compressor pressure r a t i o   ( c l o s e d  exhaust nozzle) a t  any  given 

" . .. 
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speed. A t  the open nozz le   pos i t ion ,  five stall zones w e r e  found a t  
equivalent  speeds  between 5000 and 5800 rpm. A t  higher speed with the 
open nozzle,  the anemometer s i g n a l  w w  of low amplitude  and  nonperiodic 
in na ture .  A t  in te rmedia te   nozz le  settings, fou r  stall zones were found 
t o  exist a t  about 6100 rpm. 

It is i n t e r e s t i n g   t o   n o t e  that a t  equivalent  speeds  of  about 6000 
and  6250 r p m  a nonperiodic anemometer s i g n a l  was obtained. The appear- 
ance  of th i s  type s i g n a l   u s u a l l y   i n d i c a t e s  that the c m p r e s s o r  will mer- 
ate stall-free with a slight i n c r e a s e   i n  speed (see ref. 4) ; however, 
this was n o t  the case  with this compressor.  Reference 7 p resen t s  the 
r e s u l t s   o f  a r o t a t i n g - s t a l l   i n v e s t i g a t i o n  on a single-stage  compressor 
i n  which a region  of   operat ion with nonper iodic   f low  f luc tua t ions  was 
bounded by reg ions  of operat ion w i t h  periodic r o t a t i n g - s t a l l   p a t t e r n s .  

During steady-state operat ion only two p o i n t s  were found where the 
stall  pa t te rn   cons is ted   o f  a s i n g l e  s t a l l  zone. One point   occurred at 
an  equivalent  speed of  apgroximately 5800 rpm with an  intermediate   nozzle  
area, and the o the r  at approxfmELtely  6200 r p m  with the open nozzle.   Both 

c po in t s   exh ib i t ed  stall p a t t e r n s  that a l t e r n a t e l y  changed *om one t o   f i v e  
stall zones wLth no percept ible   change in the engine  operat ing  condi t ions.  

c In the speed range of 5800 r p m ,  there was an   ind ica t ion  that t h e  
stall pat tern  observed was a funct ion  of the ope ra t iona l   p rocedure .   In  
th i s  reg ion ,  if the equivalent  engine  speed was held  approximately  con- 
s t a n t  and the exhaust area reduced (sketch (a)  ), the number of zones per 
pattern  changed from f i v e   t o  three t o  one.  Eowever, this sequence  could 
be changed t o   f i v e ,  three two, one by opera t ing  the eng ine   i n  the f o l -  
lowing manner ( ske tch   (b ) j :  (1) Operate the engine at an equiva len t  
speed of  5600 r p m  with the nozzle  open, thus   ob ta in ing  a five-zone stall 
as indica ted  at p o i n t  a. (2) With engine speed cons tan t ,   c lo se  the 
exhaus t   nozz le   un t i l  a three-zone stall is obtained  (point  b ) .  (3) With 
the exhaust-nozzle area cons tan t ,   increase  the engine  speed t o  5800 r p m  
( p o i n t   c ) .  (4) Then, with a constant   engine  speed,   c lose the exhaust  
n o z z l e   u n t i l  a two-zone s t a l l  is p r e s e n t   ( p o i n t   a ) .   A d d i t i o n d   r e d u c t i o n  
in exhaust area would again  produce a single-zone stall. 

\ Number of s tall  

hl zones, X 

d 
0 
-P 
d 
k 

5600 r p m  

Weight flow 
(b 1 
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Complete.  compreasor s ta l l ,  as c,?laracterzzed--bx, a suaden  and-  signif- 
i c a n t  decrease in   compressor-discharge  pressure and  an  increase  in 
t u r b i n e - i n l e t  temperature, could be a t t a i n e d  by rap id   engine  sccelera- 
t i o n .  A s i n g l e  s t a l l  zone would always be de tec ted  a t  the complete com- 
pessor  s ta l l ,  as indica ted  i n  re fe rences  4. and 6 .  . ,  1 

- .I.."_ 

4 

The compressor gdiabatic e f f i c i e n c i e s - i n  ,fipxye -2. indicate   peak 
values ranging  from 73 percent  a t  an equivalent  speed of 5000 r p m  t o  . 

83 percent  a t  6200 rpm. 
. .  . ." L 

. - .~". 

Stage performance. - In add i t ion  t o  the over-all  compressor per- 
formance  measurements, d a t a  were obtained a t  the exits of  the second, 
four th ,  and n in th   s t ages .  These data &re p r e s e n t e d   i n   f i g u r e  3 &B p l o t s  
of pressure c o e f f i c i e n t  and   tempera ture- r i se   coef f ic ien t   aga ins t  flow 
coe f f i c i en t .  .These parameters are der ived   in   re fe rence  8 and are used 
here in  as fo l lows   ( t he  symbols are def ined  i n  the appendix) : 

where 

Preasure  coeffic 

Tmpera tu re - r i s e  

where 

. ". 
L 

The performance of t h e  first s t a g e  group, cons i s t ing  of stages 1 
and 2, is shown in f i g u r e  3(a). A t  high  speed  (near   ra ted) ,   the  flow 
c o e f f f c i e n t  is high and the pressure   and   tempera ture- r i se   coef f ic ien ts  
low. As speed is  decreased, the flow coe f f i c i en t   dec reases  and the pres-  
sure and tempera ture   coef f ic ien ts   increase .  (It should be remembered 
that the angle of attack varies Inversely wi th  flow c o e f f i c i e n t .  } The 
p r e s s u r e   c o e f f i c i e n t   i n c r e a s e s   t o  a maximum of 0.396; then, a s l igh t  
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decrease   in  flow c o e f f i c i e n t   r e s u l t s  in r o t a t i n g  stall.  Further   decrease 
i n   f l o w   c o e f f i c i e n t   r e s u l t s  i n  a decreasing p res su re   coe f f i c i en t   and  an 
i nc rease   i n   t emgera tu re - r i s e   coe f f i c i en t .  Inasmch as the  stage group 
e f f i c i e n c y  is the r a t i o   o f   p r e s s u r e   c o e f f i c i e n t   t o   t e m p e r a t u r e   c o e f -  
f i c i e n t ,  the  stage e f f i c i e n c y  is decreas ing  fo r  flow c o e f f i c i e n t s  below 
0.425. 

The performance  of the second-group stages (3 and 4) and third-  
group stages (5 t o  9)  is presented i n  figure 3(b) and (c) , r e spec t ive ly .  
The gene ra l   t r end  of change i n  flow coe f f i c i en t  with r e s p e c t   t o   c h a n g e  
in  engine  speed is similar t o  that of the first aOUp;  decreasing  speed 
r e s u l t s   i n   d e c r e a s i n g  flow coe f f i c i en t   and   i nc reas ing   ang le   o f  attack. 
In the last group  (stages 10 t o  13) the t r end  is reversed  ( f ig .  3 (d ) ) .  
As compreesor  speed is decreased, the angles   o f   a t tack   decrease  as in- 
d ica t ed  by the increased   f low  coef f ic ien ts .  

These  trends  can be explained by considerat ion  of  the annulus area 
var ia t ion   th rough the compressor. The area v a r i a t i o n  is determined by 
the d e n s i t y   r a t i o   a n d   a x i a l - v e l o c i t y   r a t i o   t h r o u g h  the compressor a t  
design speed and flow operat ion.  As speed is decreased, the d e n s i t y  
r a t i o   a c r o s s  the compressor  decreases  rapidly.   Since the area r a t i o  
cannot be changed, the a x i a l - v e l o c i t y   r a t i o  must increase.   Therefore ,  
the ang les   o f   a t t ack   i n  the latter s t a g e s  of the compressor decrease 
as  speed  decreases (flow c o e f f i c i e n t  increases). The luw angles of 
attack i n  the latter s t a g e s  conibined with the high axial v e l o c i t i e s  
r e s u l t  in a choking  condi t ion in the blade.passages  of  the exit  stages. 
This f low limit with decreasing speed  causes the i n l e t   f l o w   t o   d e c r e a s e  
more r ap id ly   t han  the compressur  speed.  Therefore, the f l o w   c o e f f i c i e n t  
f o r  the i n l e t  stages will decrease  and the angles  of a t t a c k  w i l l  in -  
c rease .  A t  some speed  then, the i n l e t  stages will r each  stall angle   of  
attack, a n d   r o t a t i n g  stall  w i l l  be general ly   encountered.  

I n  th is  par t icu lar   compressor ,   ro ta t ing  stall is encountered at 
equivalent  speede below about 6200 r p m  (about 75 percent   of  rated speed),  
and   s t a l l - exc i t ed  blade v i b r a t i o n s  may be expected below this speed. 

Rotor-blade  vibrat ions.  - I n  f i g u r e  4 the relative stall frequency, 
the average s ta t ic  blade fundamental   f requency  corrected  for  the effect 
o f   c e n t r i f u g a l   f o r c e  (ref. 9) , and the measured  -frequency a t  which the 
b lade  was found t o  be v i b r a t i n g  are p l o t t e d  against the a c t u a l   e n g i n e  
speed. The frequency of e x c i t a t i o n   d u e   t o   r o t a t i n g  stall f o r   r o t w  
b lades  is termed the relative stall  frequency,  or the stall frequency 
r e l a t i v e  t o  the r o t o r  blades, which is defined by the fol lowing 
formula I 
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Lines   represent ing  the r e l a t i v e  stall f requency   for  one- t o   f i v e - z o n e  
stall p a t t e r n s  are presented   in   the   lower  half of figure 4.  The v a r i -  
ous p a t t e r n s  Were obtained by varying the exhaust-nozzle area, which 
caused the compressor t o  opera te  at var ious   po in ts  on 'the performance 
map ( f i g .  2 ) .  The two l i n e s  A and B r ep resen t   eequenc ie s  that are 
twice the relative stall f requencies  of the four- and three-zone stall 
pa t t e rns ,   r e spec t ive ly .  

The first-stage measured b lade-v ibra t ion   f requencies   ( f ig .  4) fo l -  
low l i n e  B i n  the speed  range from 5000 t o  5400 rpm, and the second- 
stage f r e q u e n c i e s   f o l l o w   l i n e  B for   speeds  from 5600 t o  6150 r p m .  The 
blades were therefore v i b r a t i n g  a t  a fYequency twice the r e l a t i v e  stall 
frequency of three-zone s ta l l  and  deviating from the i r  own n a t u r a l  fre- 
quency; that is, the  blades were being forced t o   v i b r a t e  by the r o t a t i n g  
stall. However, t h i s  was t rue  only when the re la t ive stall frequency 
was within  approximately 10 cycles of the blade natural   f requency.  
Above 5400 r p m ,  the r o t a t i n g  stall was u n a b l e   t o - f a c e   t h e   f i r s t - s t a g e  
blades t o  v ib ra t e ,  and they v ibra ted  a t  frequencies   corresponding  to  
their corrected  natural   f requency.  - 

The th i rd - s t age  measured  blade-vibration  f 'requencies  follow  line 
A in the speed range from 5075 t o  5450 rpm, and as the speed is i n -  
creased the blade-vibrat ion  f requencies  follow their corrected average 
natural  frequencies.  Resonance  between the ro to r   b l ades  and r o t a t i n g  
stall, o r  the r e s u l t a n t  maximum v ib ra to ry  stresses, would be expected 
t o  occur a t  the in t e r sec t ion  of  the rotor-blade and r o t a t i n g - s t a l l  fie- 
quency l i n e s .  The i n t e r s e c t i o n s  of these f requency   l ines  were at a c t u a l  
engine  speeds  of  approximately 5200, 5850, and 5300 rprn f o r  the first,  
second,   and  third  s tageo,   respect ively.  Figure 5 is a p lo t   o f   v ib ra to ry  
stress against ac tua l   engine   speed   for  the resonant   condi t ion.  

CI 

- . " 

A peak v i b r a t o r y  stress of k26,QOo psi  was observed  in  the first 
stage a t  5180 r p m  ( f i g .   5 ( a ) ) .  As expected, the maximum stress occurred 
a t  the In t e r sec t ion  of the ro to r -b l ade   f r equency   l i ne  and l i n e  B ( f ig .  
4). A stress of fi8,700 psi was observed with a one-zone stall p a t t e r n .  

A maximum v ib ra to ry  stress of  f26,150 psi  was measured in the  sec-  
ond stage at 5860 rpm ( f ig .  5 ( b ) ) .  A three-zone s ta l l  p a t t e r n  was 
observed with this peak  vibrat ion;   again,   the   peak  vibrat ion  occurred 
at the   in te rsec t ion   of  the b lade   and   re la t ive-s ta l l   f requency   l ines .  

. -. .. 

The maxFmum third-stage v ib ra to ry  stress of  f16,lOO psi was exci ted  
by 8 four-zone titall p a t t e r n  and  occurred at 5180 rpm ( f ig .  5(c) ) . This 
cr i t ica l  speed a lso   cor responds  t o  the in te rsec t ion   of  the blade and 
r e l a t i v e - s t a l l   f r e q u e n c y   l i n e s  i n  figure 4. 

Rota t ing  stall was n o t  the source 'of e x c i t a t i o n  for alL blade 
v ib ra t ions  measured.  Figure 6,  a plot of v ib ra to ry  stresses n o t  in 
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resonance with r o t a t i n g  stall  aga ins t   ac tua l   engine   speed ,   ind ica tes  the 
b lade   loca t ion   and  number of  zones per stall  p a t t e r n   f o r   e a c h   d a t a   p o i n t .  
These d a t a   p o i n t s  were no t   p re sen ted   i n  figure 5. The maximum nonreso- 
nan t  stresses measured i n  the first, second,  and th i rd  s t a g e s  were 
2420,200, LL6,200, and fi6,150 psi ,  r e spec t ive ly .  The blade-vibrat ion 
and r o t a t i n g - s t a l l   f r e q u e n c i e s   f o r  these d a t a   p o i n t s   d i d   n o t   c o r r e l a t e ;  
that is,  the r e l a t i v e  stall f requencies ,   o r  their harmonics, w e r e  n o t  
c l o s e  enough t o  the b lade   f requencies   for   forced   exc i ta t ion .  

R o t a t i n g - s t a l l   p a t t e r n s .  - The annular  flow region  of the first 
stages i n   a n  axial-flow compressor   of ten  consis ts   of  normal f low axeas 
w i t h  localized  low-flaw  zones if  the compressor is operating i n  the 
range from 50 t o  80 percent   of  rated speed. These low-flow, o r   s t a l l e d ,  
zones  have  generally  been  considered t o  be approximately  evenly  spaced 
and of equa l   s t r eng th  or s i z e .  The annular   pa t te rn  is r e f e r r e d   t o  as a 
r o t a t i n g  stall, o r  stall, pat tern.   During th i s  inves t iga t ion  stall 
p a t t e r n s  w e r e  observed where the spacing  of the zones was nonperiodic 
and where the s t r e n g t h   o r   s i z e  of the zones  varied.   Figure 7 shows the 
hot-wire anemometer s i g n a l  for  a pe r iod ic  and uniform  three-zone 
r o t a t i n g - s t a l l   p a t t e r n .  A sketch o f  the annulu-s, i l l u s t r a t i n g  the 
loca t ion  of the stall zones, is a l s o  shown. It can be seen from the 
hot-wire signals that these stall zones are equally  spaced  and  of  equal 
s i z e   o r   s t r e n g t h .  

F igure  8 shows the cont inuous  hot-wire   s ignal   obtained du r ing  a 
t r a n s i t i o n  from a one-zone t o  a three-zone stall p a t t e r n .  In this 
t r a n s i t i o n   s e v e r a l   p a t t e r n s  w e r e  formed. The compressor speed was con- 
s t a n t  (6050 rpm) f o r  the durat ion  of  th is  record.  I n  sec t ion  a ( f i g .  
e ) ,  the hot -wire   s igna l  shows that a one-zone s ta l l  p a t t e r n  wus presen t .  
In sec t ion  b the pa t te rn   changed   to  a four-zone  pat tern,  with the zones 
a l t e r n a t e l y  weak and  s t rong.  A t  times the weak zones me about  one-half 
the s t r e n g t h  of the  strong  zones;  and a t  o the r  times the weak zones are 
p rac t i ca l ly   mi s s ing ,  with the h o t  wires showhg the presence of only 
a two-zone stall. In sec t ion  c the high peaks rep resen t  a one-zone 
stall  p a t t e r n  and the low peaks a five-zone stall. Sect ion d repre-  
s e n t s  the f i n a l   t r a n s i t i o n   b e f o r e  the three-zone stall p a t t e r n  is formed; 
the spacing is i n i t i a l l y   v e r y  uneven, some of  the peaks  being  spaced as 
a three-zone  pat tern  and some as four-   and  f ive-zone  pat terns .  I n  sec- 
t i o n  e only a stable per iodic   three-zone  pat tern  remainbd.  The  unevenly 
spaced stall  pa t te rns   no t   on ly   occur   dur ing  the t r a n s i t i o n   c o n d i t i o n  
from one stable stall  p a t t e r n   t o   a n o t h e r ,   b u t  they have  been  observed 
as stable p a t t e r n s   e x c i t i n g   b l a d e   v i b r a t i o n .  

Figure 9 is an osci l lograph  record  of  the second-  and third-stage 

strong  and  one weak or   missing.  The maximum v i b r a t o r y  stress f o r   b o t h  
s t ages  was approximately  Ll6,500 psi .  For the second stage the r a t i o  of 

the third stage it was 2.33. 

A vibra t ions   occur r ing  with a three-zone stall p a t t e r n  where two zones are 

d the b lade   f r equency   t o  the r e l a t i v e  s ta l l  frequency was 2.00; however, f o r  
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In f i g u r e  10-the second-stage blades are sham v ib ra t ing  a t  a maxi- 
mum v ib ra to ry  stress of &6,770 psi  w i t h  a four-zone stall pa t te rn   such  
as shown in   s ec t ion  b of   f igure  8, that is with a l t e r n a t e l y   s t r o n g  and 
weak zones. The f requency   ra t io ,  based on only the two s t rong   peaks   in  
the p a t t e r n ,  is 3.03 t h u s ,   r o t a t i n g  s ta l l  is probably the source of 
these v ibra t ions .  

Figure 11 shows the second  s tage  vibr8tIng a t  a maximum v ib ra to ry  
stress of =kl3,080 ps i  with the one- and f ive-zone  pat tern,   such as i n  
sec t ion  c of f i g u r e  8. The high peaks correspond t o  a s i n g l e  s ta l l  zone 
and the low peaks t o  a five-zone stall  p a t t e r n .  The r a t i o  of the b lade  
flrequency t o  the r e l a t i v e  stall  frequency f a r  the one-zone stall was 
6 .O. 

Figure 1 2  presents  the hot -wire   s igna l  of r o t a t i n g  stall as the 
number of  zones is changing fray three t o  one. In sec t ion  a the SeconcJ 
stage was v i b r a t i n g  a t  a maximum stress of ~ 3 6 , 3 5 0  psi and was exci ted  
by. a three-zone stall pa t t e rn .  I n  sec t ion  b t h e   b l a d e   v i b r a t o r y  stresses 
were decreasing, and an examination  of the hot-wire   s ignals  shows that 
the stall zones were unevenly  spaced. The spacing between the two 
c l o s e s t  zone8 was approximately 90° and the o the r  two spacings were 
each 135'. ApproxWte. ly  0.2 second after .this stell spacing  formed, 
the number of  zones  changed from three t o  one;  and approxfmately 0.3 
second after the one-zone spacing  formed, the first s t age  started t o  
v i b r a t e  at a maximum v ib ra to ry  stresa of &l5,100 psi ( s e c t i o n   c ) .  The 
r a t i o  af stall frequency t o  blade frequency a t  this po in t  was 5.0. 

The hot-wire anemometer s igna l   reproduced   in   f igure  13 i l l u s t r a t e s  
the f low  pat tern  in   the  compressor  as the compressor s t a l l  p a t t e r n  
changes from a s ingle-zone   pa t te rn  t o  a s u r g e   o r - a x i a l   p u l s i n g   o f  the 
air. The frequency  of the one-zone p a t t e r n  W?M approximately 41 cps 
and  of the surge  cycle  was 9 cps.  It can be noted that as the com- 
pressor   recovered from each surge  cycle  the single-zone stall pattern 
re turned .  It thus  appeared that, with t h i s  compressor,  single-zone 
stall was the p r e l u d e   t o   s u r g e .  The v ib ra to ry  stresses for the dura- 
t i o n   o f  this record  were within k5,OOO ps i .  The v ib ra t ion  was the bur s t -  
i n g  type; that is, the   b l ades  would vibrate for 25 .or 30 cycles and then 
cease.  

. .  

SUMMARY OF IiESULTS 

-.- 
. .. . 

fc 3 ." 

." 
" 

* -  

" .. . 

A vibrat ion  survey was conducted on a =-stage axial-flow compressor 
t o  determine the source  of   exci ta t ion of the des t ruc t ive  h h d e  v ib ra t ion  
repor ted ly   caus ing  compressor f a i l u r e s .  B t r a i n  gages and  hot-wire 
anemometers were used t o   d e t e c t   t h e   b l a d e   v i b r a t i o n  and r o t a t i n g  stall, 
respec t ive ly .  The r e s u l t s  may be summarized as follows: 
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- 
1. The compressor was opera t ing   w i th   ro t a t ing  stall a t  equiva len t  

speeds  below  about 6200 rpm (75 p e r c e n t   o f   r a t e d   s p e e d ) .   S t a l l   p a t t e r n s  
c o n s i s t i n g   o f   o n e   t o   f i v e  stall zones were found. - 

2 .   In   gene ra l ,  the number of s t a l l  zones i n  the annulus  decreased 
as the exhaust   nozzle  was c losed  at any  given  engine  speed. 

c 

3. The s t n g l e  s tall  zone usually o c c u r r e d   j u s t   p r i o r   t o   c o m p r e s s o r  
surge.  

4.  The maximum compressor  efficiencies,   measured w h i l e  rota , t ing 
stall was present ,   ranged fkm 73 percent  a t  an  equivalent   speed  of  
5000 rpm t o  83 pe rcen t  a t  an  equivalent  speed  of 6200 r p m .  

5. The stage performance  data   indicated that t h e   f l o w   c o e f f i c i e n t  
f o r  the first n ine   s tages   decreased  with decreasing  speed  and  increased 
w i t h  decreasing  speed i n  the last  fou r  stages. 

6. The first-stage peak v i b r a t o r y  stress of &26,400 p s i ,  measured 
at the a i r f o i l  base a t  5180 r p m ,  was caused by a t h ree -zone   ro t a t ing  
stall .  

7. The  second-stage  peak  vibratory stress of  &26,150 p s i ,  measured 
at the a i r f o i l  base a t  5860 rpm, was caused by a th ree -zone   ro t a t ing  
s ta l l .  

8. The third-stage peak v i b r a t o r y  stress of ;U6,100 psi ,  measured 
at the a i r f o i l  base at 5180 r p m ,  was caused by a four -zone   ro ta t ing  
s ta l l .  

9. Vibra tory  stresses of k20,200,  216,200,  and =tl6,150 p s i  that 
could   no t  be c o r r e l a t e d   w i t h   r o t a t i n g  s ta l l  w e r e  measured i n  the f i rs t ,  
second,   and  third stages, r e spec t ive ly .  

L e w i s  F l igh t   Propuls ion   Labora tory  
National  Advisory Committee for   Aeronaut ics  

Cleveland,  Ohio,  October 28, 1954 
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APPENDIX - SYMBOLS 

The following symbols are used i n  th ie  r e s o r t :  

annulus area, sq f t  

specific heat at constant pressure, Btu/( lb)(%) 

mean diameter, f t  

stall frequency,  cps 

stall f requency   re la t ive  to r o t o r ,   c p s  

a c c e l e r a t i o n   d u e   t o   g r a v i t y ,   f t / s e c 2  

mechanical  equivalent  of heat, 778 f t - lb/Btu 

60R 

N 

n 

P 

R 

T 

Y 

6 

rl 

e 

x 

. . " 

.. . 

"" 

engine  speed, rpm 

number of   s tages  

total pressure ,  ~ b / s q  f t  

@;as cons tan t , .   f t - l b / ( lb )  (%) 

t o t a l   t empera tu re ,  OR 

air f low a t  cw~pressor   Lnle t ,   lb / sec  

r a t i o  of   spec i f ic  heats 

. .  

". I_ 

r a t i o  of p r e s s u r e   t o  NACA standard  sea-- level   pressure . " " 

T1 b+- P .ij 
adiaba t i c  temperature-rise e f f i c i ency ,  7 = 

T3 - *1 "" . 

ratio of total t empera tu re   t o  NACA standard  sea- level   temperature  . ". 

number of stall zones . .  . . .  .. . "  " 
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pres su re   coe f f i c i en t ,  9 = 
N2 

@ flow c o e f f i c i e n t ,  t$ = KlWaTl 
plN 

c compressor 

1 compressor i n l e t  

3 compressor   out le t  
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(a) Engine. 
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(b) Several stations (viewed downstream). 

Figure 1. - Cross section of engine showing instrumentation stations. 
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Figure 3 .  - Stage perfomnce  characteristics of 13-stage  compressor. - 
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(b) Stages 3 and 4 .  

Figure 3. Continued. Stage  p.erf0rmnc.e. +3r .acter is t ics  of 13- - .  
. . "  - .   . . .  . . . . . - 

stage compressor. . .  . .. - - "" 
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Equivalent  engine  speed, 
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4990 to 5250 
5400 to 5650 
5700 to 6025 
6050 to 6150 
6225 t o  6350 
6440 t o  7440 
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$ e  
F ;  
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+ a 4  F 
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h d r l *  a k k  

El u .2 
* 34 .38 .42 .46 .50 

Flow c o e f f i c i e n t ,  I$ 

(c)   Stages 5 t o  9. 

Figure  3. - Continued.  Stage performance c h a r a c t e r i s t i c s  of 
13-stage  compressor. 
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(a) Stages 10 to 13. .. .. - . . - " 

Figure 3. - Concluded. Stage perrortnance cha rac t e r i s t i c s  - . ." 

of '13-stage compressor. - - - -  - - . -   - .  . - - . .  
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4800 5000 5 2 W  54aQ 5600 5800 
Actual  engine speed, N, rpm 

(a) Measured in first-stage rotor  blades. 

Figure 5 .  - Resonant vlbratory stresses.  

.. . 
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- Actual engine  speed, N, r p m  

(b) Measured i n  second-stage  rotor  blades. 

Figure 5. - Continued.  Resonant  vibratory  stresses. 
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( c )  Measured fn third-stage  rotor  blades. 

Figure 5. - Concluded. Resonant vibratory stresees. 
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Stage Number of s ta l l  
zones 

5600 5800 6000 6200 
Actual  engine  speed, N, r p m  

Figure 6. - Vibratory stresses, not i n  resonance with ro ta t ing  stall ,  
measured i n  first three  rotor   s tages .  

25 
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Figure 7 .  - Hot-wire anemometer signal of periodic and uniform three-zone  rotating- 

a ta l l  pattern.  Actual  engine speed, 5714 rpm. 
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Figure 12. - Osaillogram showing effeat of ahrtnpng the number of zones per stall WtteFn from thrse t o  one on flmt- and 

second-atage  blade  vibration. 
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